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Background-There have been conflicting results regarding the effect of Crohn's disease on the neurochemical composition of the enteric nervous system. Aims-To examine the effect of Crohn's disease on the neurochemical composition of enteric nerve fibres and celi bodies using whole mount preparations ofhuman ileum. Methods-Whole wall ileum from seven normal subjects and nine patients with Crohn's disease was used to investigate the neurochemical composition of neurones and nerve fibres in the myenteric plexus, circular muscle, and serosa layer of ileum using immunohistochemical techniques.
Results-Increased tyrosine hydroxylase, 5-hydroxytryptamine, and neuropeptide Y immunoreactivity was exclusively seen in the myenteric plexus. There was increased neurofilament immunoreactivity in the myenteric plexus and nerve fibres of the circular muscle layer, and thick bundles of immunoreactive nerve fibres in the serosa layer. Increased vasoactive intestinal polypeptide, nitric oxide synthase, and pituitary adenylate cyclase activating peptide immunoreactivity was seen in the myenteric plexus and nerve fibres of the circular muscle layer, and aggregates of inflammatory celis in the serosa layer of the afflicted segment of Crohn's ileum. In addition, there was a chaotic display of nerve fibres containing some ofthe neuroactive substances with a high frequency of enlarged varicosities in the myenteric ganglia and/or nerve fibres of the circular muscle layer of Crohn's ileum. Conclusion-Results show quantitative as well as qualitative changes in the neurochemical composition of enteric nerve fibres and nerve celi bodies of Crohn's ileum. These changes and the presence of nitric oxide synthase and peptides immunoreactive inflammatory cells in the serosa layer suggest that nerve-immune interactions may have a significant role in the process of the inflammatory changes seen in Crohn's ileitis. (Gut 1997; 40: 767-774) Keywords: Crohn's disease, tyrosine hydroxylase, 5-hydroxytryptamine, nitric oxide, peptides, enteric nerves.
Crohn's disease (CD) has been described as a chronic form of intestinal inflammation which is segmental, transmural, and granulomatous.' It affects any part of the intestine, but most commonly it occurs in the distal small bowel and proximal part of the colon.2 As the disease progresses fibrosis develops, causing thickening of the bowel wall and progressive stasis leading to distension proximal to the affected area, eventually resulting in obstruction. 3 Early histopathological studies by Davies et -Frozen section preparations Parts of the stretched and fixed tissue specimens were cut, removed from the Sylgard and washed three times each for 20 minutes in PBS containing 30% sucrose, followed by an overnight wash in the same solution at 4°C and processed for frozen section preparations. The reasons for having parallel whole mount and frozen section preparations of the same segment of the gut were: to double check that the microdissection to expose the myenteric plexus did not cause an artefact; and qualitatively and quantitatively to analyse the density of fibres in the muscular coats, especially in the circular muscle layer of the intestine. Cryostat sections of 15 ,um thickness were then cut in both longitudinal and transverse orientations for immunostaining.
The pattern of distribution of neurones and nerve fibres containing NF immunoreactivity in the myenteric plexus of control and CD ileum was examined using frozen section rather than whole mount preparations.
Immunohistochemistry Both whole mount and frozen section preparations were incubated in PBS containing 1 0% non-immune goat serum for one hour and stained using the indirect immunostaining procedure. Briefly, the tissue preparations were incubated overnight at room temperature with antiserum raised in rabbit against TH (Affiniti, Exeter, UK), 5-HT (Incstar, Wokingham, Cambridge, UK), VIP (Incstar), NPY (Biogenesis, Poole, UK), PACAP (Peninsula, Belmont, California), neuronal type NOS (nNOS) (B 220-1, Euro-Diagnostica, Malmo, Sweden) and monoclonal antimouse NF (Amersham Ltd, UK) antibody. All antibodies except anti-5-HT (1/500) were used at a dilution of 1/1000. Control experiments to determine antibody specificity were performed by preincubating all the antibodies used with the appropriate antigen. After exposure to the primary antiserum, the tissue preparations were washed in PBS containing 0-1% Triton X-100 three times each for 10 minutes and incubated for two hours with biotinylated goat antirabbit and horse antimouse (for NF) IgG (Amersham), followed by streptavidin fluorescein (Amersham) for one hour at room temperature. The preparations were then washed and mounted in buffered glycerol (pH 8-6) for fluorescence microscopy. The whole mount preparations were counterstained with 1% pontamine sky blue'5 to reduce background fluorescence.
Frequency of immunoreactive neurones was analysed by counting neurones in two preparations (whole mount or sections) of each specimen. Six ganglia were randomly selected from each preparation and the mean number of neurones per ganglion was calculated. The data from control and CD specimens were then subjected to statistical analysis.
Image analysis
The Seescan image processing system (Seescan Imaging Ltd, Cambridge, England) was used to assess the density of immunoreactive nerve fibres in circular muscle of the intestine. The area of the thick circular muscle layer in all preparations was computer analysed using a 10% objective that allowed a large area of the muscle to be assessed and thus reduced field selection errors. The area of the region was broadly uniform which ensured reproducibility of the values obtained.
Computer assisted image analysis converted the image into binary form corresponding to positive or negative immunofluorescence. An optical density threshold was set to remove background labelling, and the resultant fluorescent area was divided by the total area of the circular muscle to give a positive to negative immunofluorescence ratio.
Statistical analysis
The number of neurones and density of immunoreactive nerve fibres in the circular muscle layer of the intestine are given as mean (SEM), and the differences in mean values between CD and normal ileum were tested by the unpaired two-tailed Student's t test. A level of probability of less than 0 05 was considered to be significant.
Results

TYROSINE HYDROXYLASE
Nerve fibres containing TH immunoreactivity were seen in the myenteric plexus of normal segments of ileum (Fig 1, TH-a) . Varicose nerve fibres were present in the internodal strands that ran between myenteric ganglia, and in secondary and tertiary branches of the myenteric plexus. There were no TH immunoreactive nerve cell bodies in the myenteric ganglia of the control ileum preparations. In the myenteric plexus of the CD ileum, the main difference in the pattern of distribution of TH immunoreactivity was the presence of numerous small TH immunoreactive nerve cell bodies usually found in clusters at one or the other end of the myenteric ganglia (Fig 1,  TH-b) . Some of the ganglia displayed immunoreactive nerve fibres arranged in disarray across the ganglia. This feature was seen mainly in those ganglia which did not contain immunoreactive nerve cell bodies (not shown). In the circular muscle layer of the control ileum, varicose fibres containing TH immunoreactivity were infrequent and there was no change in the density of these fibres in CD ileum (not shown).
5-HYDROXYTRYPTAMINE
In the normal ileum, 5-HT immunoreactive nerve fibres were found mainly in the myenteric ganglia and internodal strands but not in the secondary and tertiary branches of the plexus (Fig 1, 5-HT-a) . In the present study, 5-HT immunoreactive nerve cell bodies were not seen in either the control or CD preparations, possibly owing to the limitation of the sensitivity of the technique used, as 5-HT containing enteric nerves are known to be of intrinsic origin.'6 The myenteric ganglia of ileum from patients with CD had more 5-HT immunoreactive nerve fibres than that from controls (Fig 1, 5-HT-b) . The varicose nerve fibres in the ganglia of CD ileum, however, lacked the usual orderly arrangement, displaying a prominent feature of disarray in all the diseased preparations examined (Fig 1, 5-HT-b) . 5-HT immunoreactive nerve fibres were not seen in the circular muscle layer of either control or diseased ileum examined.
NEUROPEPTIDE Y
Immunoreactive nerve fibres containing NPY were seen in the primary, secondary, and tertiary branches of the myenteric plexus of the control ileum preparations (Fig 1, NPY-a) . Very few immunoreactive nerve cell bodies were seen in the control preparations (see Table II ). In the myenteric ganglia of the CD ileum, there was an increase in the density of NPY immunoreactive nerve fibres, with irregular distribution of nerve fibres throughout the ganglia (Fig 1, NPY-b) . In addition, a significant (p<002) increase in the number of NPY immunoreactive nerve cell bodies was seen in the diseased preparations compared with controls (Fig 1, NPY-b) . In the circular muscle layer of the control ileum, varicose fibres containing NPY immunoreactivity were seen rarely and there was no change in the density of these fibres in CD ileum (not shown).
VASOACTIVE INTESTINAL POLYPEPTIDE
VIP immunoreactive nerve cell bodies and nerve fibres were found in the myenteric plexus of control ileum preparations (Fig 2, VIP-a) . A significant (p<0001) increase in the number of VIP immunoreactive nerve cell bodies and increased density of immunoreactive nerve fibres were seen in the CD preparations (Fig  2, VIP-b) . The chaotic distribution of nerve fibres seen in 5-HT and NPY immunostained diseased preparations was not seen in VIP immunostained preparations.
There were numerous VIP immunoreactive nerve fibres in the circular muscle layer of control ileum (Fig 3, VIP-a) . In the circular muscle layer of CD ileum, there was a significant (p<0-001) increase in the density of VIP immunoreactive nerve fibres compared with controls (Fig 3, VIP-b) . Almost all the immunoreactive nerve fibres in the diseased ileum had a coarse appearance, and the distribution of the nerve fibres was more regular and orderly than that of NOS immunoreactive nerve fibres (Fig 3, VIP- 
In the serosa layer of Crohn's ileum there were numerous inflammatory cells stained for VIP immunoreactivity (Fig 4, d) . These cells were not seen in any of the control ileum preparations examined.
PITUITARY ADENYLATE CYCLASE ACTIVATING PEPTIDE
In the myenteric plexus of control ileum preparations, PACAP immunoreactive nerve fibres were found in moderate quantity, in the primary, secondary, and tertiary branches of the plexus (Fig 2, PACAP-a) . PACAP immunoreactive nerve cell bodies were extremely rare in both control and diseased preparations. In the myenteric plexus of CD ileum, there was an increase in PACAP immunoreactive nerve fibres, with prominent irregular arrangement of the fibres throughout the ganglia (Fig 2, PACAP-b) . Varicose nerve fibres containing PACAP immunoreactivity were also found throughout the thickness of the circular muscle layer of the control ileum preparations (Fig 4, PACAP-a) . In the CD ileum, the density of these fibres was significantly (p<005) increased and similar to NOS and NF immunoreactive nerve fibres. PACAP immunoreactive nerve fibres displayed irregular distribution in all CD ileum preparations examined (Fig 4, PACAP-b) .
Inflammatory cells stained for PACAP immunoreactivity were seen in the serosa layer of the diseased ileum (Fig 4, f) but not in any qc the control ileum preparations examined. Immunoreactive nerve cell bodies and fibres containing NOS were seen in the myenteric plexus of control ileum preparations (Fig 2,  NOS-a) . In the myenteric plexus of CD ileum, there was an increase in NOS immunoreactive nerve fibres and nerve cell bodies (p<0-01) compared with controls (Fig 2, NOS-b) . As with VIP immunoreactive nerve fibres, there was no obvious sign of disarray of NOS immunoreactive nerve fibres in the myenteric ganglia of CD ileum (Fig 2, VIP-b,  NOS-b) .
Moderate numbers of NOS immunoreactive nerve fibres were seen in the circular muscle layer of the control ileum (Fig 3, NOS-a) . The density of NOS immunoreactive nerve fibres was significantly (p<0-001) increased in CD intestine compared with control (Fig 3,  NOS-b) . Almost all the fibres had a coarse appearance and had irregular distribution throughout the segment of the muscle examined (Fig 3, NOS-b) .
In the serosa layer of Crohn's ileum, a very high number of inflammatory cells stained for neuronal type NOS were seen (Fig 4, e) . These cells were not found in any of the control ileum preparations examined.
NEUROFILAMENTS
In the myenteric plexus of control ileum there were NF immunoreactive nerve cell bodies and fibres throughout the preparations (Fig 4,  NF-a) . Increases in the density of nerve fibres and frequency of nerve cell bodies (p<0-01) were seen in the myenteric plexus of CD ileum (Fig 4, NF-b) . The immunoreactive nerve fibres in the myenteric plexus displayed a slightly irregular distribution compared with controls (Fig 4, NF-b) .
In the circular muscle layer of the control ileum there were several NF immunoreactive nerve fibres (Fig 3, NF-a) . A significant (p<0-01) increase in the density of NF immunoreactive nerve fibres was seen in the CD ileum (Fig 3, NF-b) . The orientation of the fibres in the CD ileum was irregular and most of the fibres had a coarse appearance (Fig   3, NF-b) .
In the serosa layer of Crohn's ileum, abundant nerve fibre bundles containing NF immunoreactivity were also seen but these were not present in the control ileum preparations (Fig 4, c) . Table I lists the changes seen in the immunoreactive neurones and Table II presents the image analysis results for the density of immunoreactive nerve fibres.
Discussion
The data generated in the present study have shown the presence of extensive and widespread changes in the neurochemical composition of myenteric nerves and nerve fibres in the circular muscle layer, and infiltration of peptides and NOS immunoreactive inflammatory cells in the serosa layer of CD ileum. On the whole the present data can be broadly divided into three categories of changes.
The first category, which involves increased TH, 5-HT, and NPY immunoreactivity, is characterised by changes exclusively seen in the myenteric plexus. Nerve fibres containing TH, 5-HT, and NPY immunoreactivity have been reported to be either sparsely distributed or absent in the muscularis externa of human small bowel'7-22 (our own results in the control ileum also support this); this is consistent with the present findings that the changes in these nerve types are confined to the myenteric plexus of Crohn's ileum. The presence of chaotic distribution of the immunoreactive nerve fibres in the myenteric ganglia and high frequency of enlarged varicosities are the other common features of changes in these nerve types. Previous studies by Dvorak et al5 and Dvorak and Silen7 reported axonal necrosis in the small bowel of patients with CD, and suggested that the injured axons belong to the sympathetic nervous system.57 In the present study, the noradrenergic nerve fibres (as localised by TH immunoreactivity) in the myenteric ganglia of Crohn's ileum had a high incidence of enlarged varicosities. As the presence of enlarged varicosities in enteric nerves has been described for degenerating adrenergic nerves in chemically sympathectomised rat intestines,23 it is conceivable that our results are consistent with the ultrastructural findings of Dvorak and Silen. 7 The presence of small TH immunoreactive nerve cell bodies in the myenteric ganglia of CD ileum is another intriguing finding in the present study. The presence of TH immunoreactive nerve cell bodies in the myenteric plexus ofnormal human small bowel has not been reported previously. Noradrenergic nerves in the intestine are known to exert their effect on the motility of non-sphincter parts of the gut within the myenteric ganglia through inhibition of transmitter release from intrinsic cholinergic excitatory neurones. 24 25 We have previously observed the occurrence of TH and/or dopamine-p-hydroxylase immunoreactive nerve cell bodies in the myenteric ganglia of streptozotocin-diabetic rat intestine and in the small intestine of rats treated with 6-hydroxydopamine (Belai, unpublished observation). In both cases the adrenergic nerve fibres exhibited an incidence of enlarged varicosities and the density of the immunoreactive nerve fibres in the streptozotocindiabetic rats was progressively reduced with the duration of diabetes, suggesting a process of degenerative changes.26 It is therefore possible that the presence of TH immunoreactive neurones in the myenteric ganglia of Crohn's ileum is associated with disruption of the sympathetic innervation triggering the expression of TH by neurones which normally do not express that enzyme.
It is known that 5-HT stimulates both cholinergic excitatory and non-adrenergic, non-cholinergic (NANC) inhibitory neurones in the gut, and it is suggested that serotonergic neurones are probably intemeurones within the enteric nervous system. 16 Furthermore, one of the proposed roles of NPY in the mammalian gut is modulation of smooth muscle contractions by prejunctional inhibition of cholinergic motor nerves.27 28 It is interesting to note that in the present study those neurotransmitters that are known to act presynaptically on the myenteric cholinergic motor neurones present similar changes in Crohn's ileitis. As noradrenaline and NPY are known to inhibit, while 5-HT stimulates, transmitter release from cholinergic neurones in the myenteric ganglia, the apparent increase in nerve fibres containing neurotransmitters of opposing actions on cholinergic neurones in Crohn's ileum is intriguing. The possible contribution of these changes to the reported abnormal motor activity29 in patients with CD merits further examination.
The second category of changes is characterised by increased NF immunoreactivity in the myenteric plexus and nerve fibres of the circular muscle layer, and the presence of thick bundles of immunoreactive nerve fibres in the serosa. Although the exact function of neurofilaments is not known, NF immunoreactivity has been reported in a subpopulation of myenteric neurones in both the rat30 and guinea pig3' intestines. Similarly we only found NF in a subpopulation of myenteric neurones of the control human ileum preparations. Accumulation of neurofilaments in neuronal structures has been generally associated with axonal neuropathy. Schimdt et al32 showed the presence of swollen terminal axons containing large numbers of disorganised neurofilaments in the superior mesenteric ganglia of diabetic patients. They suggested that this pathological lesion may be attributed to the autonomic dysfunction commonly observed in diabetic patients.32 It is therefore possible that the increased NF immunoreactive neurones and nerve fibres observed in the present study are indicative of disruption of the autonomic innervation of CD ileum.
The third category of changes was seen in nerve fibres that are reported to contain mediators of NANC inhibitory neurotransmission in the intestines of most mammalian species including humans. It involves increased VIP, NOS, and PACAP immunoreactivity and is characterised by changes in the myenteric plexus and circular muscle layer, and the presence of aggregates of inflammatory cells containing VIP, NOS, and PACAP immunoreactivity in the serosa layer. Although there is an overall similarity of changes in all three, PACAP immunoreactive nerve fibres, unlike the other two, present irregular distribution in the myenteric plexus and circular muscle coat of Crohn's ileum. In keeping with our findings, Bishop et al8 and O'Morain et al9 reported an increase in the density of nerve fibres and tissue content of VIP immunoreactivity in the gut wall of patients with CD. One of the features of changes in VIP immunoreactivity that has not been reported previously is the dramatic increase in the number of VIP immunoreactive nerve cell bodies in the myenteric ganglia of Crohn's ileum. This dramatic increase in myenteric neurones containing VIP, NOS, and PACAP immunoreactivity is likely to be indicative of an overall increase in the production of the respective substances in Crohn's ileitis. Considering the proposed role of VIP, NO, and PACAP in NANC inhibitory enteric neurotransmission, the increased production of these substances may cause a persistent relaxation of the smooth muscle of the afflicted segment of Crohn's ileum provided that the post-synaptic site is intact. A decrease in NOS producing neurones and nerve fibres has been previously reported in abnormalities leading to persistent contraction in achalasia, 33 41 Although the possibility of cross reactivity of the two isoforms of NOS cannot be ruled out, the fact that similar cells were not seen in any of the other layers of the CD ileum including the mucosa layer (Belai, unpublished observation) makes cross reactivity the least possible explanation. The implication of this finding is not clear except that the activity of NOS in these cells may be calcium dependent. Possibly most if not all the inflammatory cells seen in the serosa layer may be mast cells as a large component of the activity of NOS in mast cells has been reported to be calcium dependent.40 Whether or not the inflammatory cells in the present preparations are mast cells, however, needs to be verified using specific markers. There is increasing evidence for nerve-immune interactions of which several molecules have been suggested to be candidate mediators for communication between inflammatory cells and nerves. In the intestine, a close proximity between mast cells and enteric nerves has been reported in the mucosa of normal rats where 8% of mast cells were found within 100 nm of neural processes and 11% between 101 and 500 nm of these structures. 42 The proportion of mast cells within 500 nm of neural processes was increased to 610% after infection of rats with the nematode Nippostrongylus brasiliensis,42 clearly suggesting some form of interaction between mast cells and enteric nerves in response to infection.
In summary, the findings of the present study showed extensive changes seen in enteric nerves and infiltration of NOS and peptides immunoreactive inflammatory cells in the serosa layer of CD ileum, suggesting that nerve-immune interactions may play a significant part in the process of inflammatory changes seen in Crohn's ileitis. However, the exact mechanism(s) and degree of importance of the interactions in initiating and perpetuating the inflammatorv process merit further investigation.
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